Highly efficient thin film solar cells based on co-evaporated Cu(In,Ga)Se 2 (CIGS) absorbers are typically grown with a [Ga]/([Ga] + [In]) (GGI) gradient across the thickness and a Cu-poor composition. Upon increasing the Cu content towards the CIGS stoichiometry, lower defect density is expected, which should lead to increased absorption in the near-infrared (NIR), diffusion length and carrier collection. Further, optimization of the GGI grading is expected to increase the NIR response. In this contribution [Cu]/([In] + [Ga]) (CGI) values are increased by shortening the deposition stage after the first stoichiometric point. In order to obtain comparable Ga contents at the interface for proper band alignment, the front GGI gradings were actively modified. With a relative CGI increase of 7%, we observe an increased photocurrent, originating from an improved NIR external quantum efficiency response. By characterizing the modified absorber properties by reflection-transmission spectroscopy, we attribute the observed behavior to changes in the optical properties rather than to improved carrier collection. Cu-dependent modifications of the NIR-absorption coefficients are likely to be responsible for the variations in the optical properties, which is supported by device simulations. Adequate re-adjustments of the coevaporation process and of the alkali-fluorides post-deposition treatments allow maintaining V oc and FF values, yielding an overall increase of efficiency as compared to a reference baseline.
INTRODUCTION
Photovoltaic technologies based on polycrystalline Cu(In, Ga)Se 2 (CIGS) absorbers have gained interest thanks to their combination of high efficiency and low consumption of energy in the production process. Record values for technologies based on co-evaporated CIGS with hightemperature and low-temperature (<450°C) processes are, respectively, 22.6% [1] and 20.4% [2] (the latest on flexible polyimide substrate). Optical losses in the nearinfrared (NIR) region are among the main limitations to higher efficiencies, and are caused by incomplete absorption of NIR photons and incomplete collection of photo generated charge carriers [3] . Both loss mechanisms can lead to a decreased response in the NIR region of external quantum efficiency (EQE) spectra.
CIGS is a semiconductor with tunable direct bandgap energies depending on the indium to gallium ratio, from 1.0 eV of pure CuInSe 2 to 1.7 eV of pure CuGaSe 2 [4] mainly because of a shift in the position of the conduction band (CB) [5] . State-of-the-art absorber layers are grown by three-stage or multistage co-evaporation processes resulting in double graded material with varying [Ga]/ ([Ga] + [In]) (GGI) ratios across the thickness [6] [7] [8] [9] . Typically, higher GGIs at the back and at the front and lower GGIs in the middle are targeted. The Ga-grading has three targeted functions: (i) a back surface grading resulting in a gradually decreasing CB position, which assists the drift of free electrons to the front of the absorber (back-surface field or BSF). This improves collection at NIR photon energies, as low-energy photons are absorbed far from the space-charge region [7] ; (ii) a front surface grading aiming at a specific alignment of the CBs at the CdS/CIGS interface, to avoid a large potential barrier for electrons at the junction and by reaching a small favorable (<0.3 eV) [10, 11] positive CB offset (CBO) between CdS and the CIGS; (iii) a low-bandgap region close to the front of the absorber for the absorption of low-energy photons. This is typically referred as the grading "notch".
Highly efficient CIGS absorbers are typically grown as a slightly Cu-poor material, with [Cu] /([In] + [Ga]) (CGI) ratios of 0.8 to 0.9 [2, 12] . CIGS exhibits a large tolerance to under-stoichiometric amounts of Cu, because of the formation of stable Cu-deficient defect complexes [13] [14] [15] . Siebentritt and co-workers indicated in several publications [16] [17] [18] that higher Cu concentrations below stoichiometry can lead to improved transport properties and longer diffusion lengths. Furthermore, a recent publication [19] shows that higher Cu contents lead to steeper onsets in the absorption coefficient above bandgap energies.
In this work, we increase the final concentration of Cu and modify the grading profiles with the aim of addressing absorption in the NIR and reducing collection losses by: (i) larger notch widths, to allow larger path lengths of infrared photons in the low-bandgap region of CIGS; and (ii) higher Cu contents, to increase the NIR absorption coefficients and possibly the diffusion length. The deposition process is modified by adjusting the duration of the final deposition stage and by varying the Ga evaporation rates in order to obtain samples with different Cu content and comparable GGI ratios at the CdS/CIGS interface. Here, we report effects in the NIR region of EQE response upon a combined increase in the Cu content and in the Ga-grading notch width. Also, we report the results of electrical and material characterization of devices based on CIGS absorber layers with different Cu contents and gradings. Finally, we attempt to distinguish between the effects of optical and collection losses and to identify the mechanisms behind the observed changes in the optical properties.
EXPERIMENTAL
CIGS layers were grown by co-evaporation of the elements with a multi-stage low-temperature deposition process as described by Chirilă et al. [9] on Mo-coated (approx. 500 nm thick) soda-lime substrates. A SiO x diffusion barrier below the Mo back contact was applied to prevent uncontrolled diffusion of alkali elements from the glass into the CIGS layer during growth. The multi-stage coevaporation process (shown in Figure 1 ) consists of: a first stage in which In and Ga are evaporated; a subsequent stage in which Cu is evaporated while In and Ga rates are reduced by about one order of magnitude until a Curich phase is reached; and a final stage in which again only In and Ga are deposited on the substrate to reach an overall Cu-poor composition. Additionally, In and Ga rates are varied in several sub-stages to produce the desired Gagrading profile. Se is evaporated in overpressure throughout all stages. During the final stage, the In rate is kept constant while the Ga rate is increased to produce a front surface Ga-grading. The In source is closed shortly after the Ga source, with a final In and Se evaporation corresponding to a layer of approx. 15 nm of absorber material in which the presence of Ga and Cu because of interdiffusion is typically observed. The duration and rate of the final Ga ramp determine the amount of Ga at the surface of the absorber, whereas the duration of the final stage determines the final concentration of Cu. In the experiments, a series of samples with different overall CGI ratios was produced by reducing the duration of the final deposition stage. For each duration of the final stage, the Ga evaporation rate during the final Ga ramp was increased so that all samples have comparable GGI ratio at the surface. Finally, sodiumfluoride (NaF) and potassium fluoride (KF) post-deposition treatments (PDTs) were applied as described in Ref. [2] . The final average CGI and GGI values of CIGS absorber layers were determined by the intensity of K-alpha lines of each element in X-ray fluorescence (XRF) measurements, calibrated with a standard absorber with a known composition.
The cells were finalized with a ca. 30 nm cadmium sulfide (CdS) buffer layer, an RF-sputtered window layer consisting of 80 nm intrinsic zinc oxide (ZnO) and 200 nm Al-doped (Al 2 O 3 2 wt.%) ZnO, Ni/Al grids and a 105 nm MgF 2 antireflective coating.
Compositional depth profiling was measured by timeof-flight (TOF) Secondary-Ion Mass Spectrometry (SIMS), using a TOF SIMS 5 measurement unit from ION-TOF. The primary beam ions were Bi+ with 25 keV acceleration, total current of 1 pA and a raster size of 100 × 100 μm 2 .
The sputtering beam was a 2 keV, 400 nA O 2 + ion source with an on-sample area of 300 × 300 μm 2 . GGI depth profiles were determined by re-scaling the total TOF-SIMS counts over their FWHM range for 71 Ga and 113 In over the average GGI composition measured by XRF.
EQE spectra were measured on completed cells with a lock-in amplifier and a chopped light source at 260 Hz followed by a triple grating monochromator at 25°C with bias illumination with intensity close to 1000 W/m 2 . The spectra were calibrated with a reference measurement of a monocrystalline Si solar cell from Fraunhofer ISE with a known response.
J-V parameters were measured using a four-terminal Keithley 2400 source meter under standard test conditions at 25°C under 1000 W/m 2 AM1.5G illumination from an HMI sun simulator light source, which output intensity was calibrated by measuring the short-circuit current of a monocrystalline Si solar cell from Fraunhofer ISE with a known J sc .
Capacitance-voltage profiles were measured with an Agilent E4980A LCR meter at a temperature of 123 K and a frequency of 300 KHz, and net free carrier concentrations were extracted at the C-V curve minimum assuming an n + p junction following the method in References [21] [22] [23] [24] .
Transmittance-reflectance spectra were measured on batches of bare absorbers of ca. 1 cm 2 lifted from the Mo-coated substrate after gluing the surface with transparent 3 M Scotch-Weld DP100 epoxy on a transparent glass substrate dried for 2 days at room temperature and additionally for 2 h at 60°C. The measurements were performed with a UV-3600 Shimadzu UV-VIS-NIR spectrophotometer equipped with an integrating sphere to measure total reflectance and transmittance. Spectraldependent light absorption properties were evaluated using the function 1 À T abs / (1 À R abs ), where T abs and R abs are, respectively, spectral-dependent transmittance and reflectance measured on the lifted CIGS absorber layer. This approximation was considered to be acceptable for our purposes after comparing it with the more accurate model from Ritter and Weiser [25] , which also takes into account multiple reflections at the CIGS/epoxy/glass interfaces, and finding negligible differences between the two different approximations, because of relatively weak reflection intensities at the CIGS/epoxy interface.
Additionally, the spectral-dependent reflectance R cell of the completed devices was measured using the aforementioned experimental setup, together with absorptance spectra of window and buffer layers with similar composition and thicknesses as used in the solar cells. Internal quantum efficiency (IQE) spectra where then calculated as EQE / (1 À R cell )(1 À A TCO,CdS )(1 À C g ) where A TCO,CdS is the combined absorptance from the buffer and window layer and C g is a constant accounting for the grid coverage, in this case estimated to be 1.5% of the total area.
RESULTS AND DISCUSSION
The process described in Figure 1 was modified to obtain different CGI ratios by varying the duration of the final deposition stage after the first stoichiometric point. At the same time, the front Ga content was adjusted to obtain comparable front GGI ratios for all samples. The average GGI and CGI values of a set of four samples with increasing Cu contents, as measured by XRF, are shown in Table I . The GGI grading profiles are shown in Figure 2 . The front end (left-hand side) of the grading profile corresponds to the interface with the CdS buffer layer, and the opposite end to the interface with the molybdenum back contact. Here, we define the Ga notch as the region with GGI values of 0.1 above the GGI minimum. The notch width w notch increases by 3%, 9% and 10% as compared to the reference, respectively, for the samples with 8%, 14% and 18% CGI increase. The GGI minima decrease from 0.18 of the reference to, respectively, 0.16, 0.14 and 0.15. A double grading is present in all samples as expected from a multi-stage deposition process [26, 27] .
The observed changes in the Ga grading profiles in the front part of the absorber layers are a consequence of the approach chosen for varying the Cu content: as the final deposition stage is shortened, so is the duration of the final Ga ramp, bringing the notch closer to the surface [28] . Moreover, a shorter final Ga ramp leads to a reduced amount of Ga diffusion into the low-Ga notch, resulting in lower GGI minima and larger notch widths.
At the front surface of the absorber, GGI values are limited to a range between 0.28 and 0.32. The front GGI is believed to have a major influence on the performance of the completed devices as it determines the sign and size of the CBO between CIGS and the CdS buffer layer. Given the complexity of a multi-stage deposition process and the Cu 
influence of the Cu content in the diffusion of In and Ga, any attempt to vary the CGI is expected to affect the GGI grading [27] [28] [29] . The chosen approach allows obtaining Ga contents at the CIGS/CdS junction in a range which is here not assumed to severely impact the band alignment properties.
The EQE spectra of the completed solar cells are shown in Figure 3 . All samples with an increased Cu content show an improvement in the NIR, i.e. an increase in the slope of the EQE curve above the bandgap. The absorption onset is determined by the chemical composition, namely the GGI and CGI (e.g. [19, 30] ) and by contributions from the Urbach tails. We do not further attempt to extract quantitative information from the absorption onset but compare effects at photon energies above the minimum bandgap. Table I shows the J-V parameters of the completed solar cells as average values of the three best performing cells in each six-cell sample. The error corresponds to the standard deviation. The J sc of the sample with 8% CGI increase is higher than in the reference by (1.1 AE 0.2) mA cm À2 , which can be attributed to the improved NIR-EQE response. Despite similar NIR-EQE behaviors, the J sc is again lower for the two samples with 14% and 18% CGI increase. This is partly because of variations in the thickness of the CdS buffer layers determining the amount of parasitic absorption in the low-wavelength region (<530 nm), accounting for a difference in J sc of (0.5 AE 0.1) mA cm À2 between the samples with 8% and 18% CGI increase. Variations in the CdS thickness are the result of temperature gradients in the CBD solution, or small differences in the amount of alkali elements evaporated on the surface during PDTs [2, 31] . The NIR-EQE response is similar for all samples with an increased Cu content, despite the differences in the Cu contents and in the Ga-grading profiles among them. This could be the result of: (i) an increased collection length because of the increased Cu content [3, 16] , which is expected to affect the EQE mostly at long wavelengths, because NIR photons are absorbed deeper in the absorber than higherenergy photons; (ii) increased absorption length for lowenergy photons because of wider low-bandgap Ga notch; and (iii) increased absorption because of larger NIRabsorption coefficients resulting from the increase in the overall Cu content as indicated by ellipsometry measurements by Minoura [19] .
In the following, we discuss the abovementioned possible origins for the increased NIR response. To investigate the effect of the Cu content on the collection efficiency, parts of the bare CIGS absorber layers were removed from the Mo back and transmittance (T abs ) and reflectance (R abs ) spectra were measured on the CIGS absorbers, whereas reflectance spectra (R cell ) were measured on completed solar cells. The difference between the IQE and the function 1 À T abs / (1 À R abs ) can in a first approximation represent the spectral-dependent photocurrent collection loss. The results are shown in Figure 4 .
For the samples with the 8% and 18% CGI increase, the IQE spectrum shows slightly larger values than the 1 À T abs / (1 À R abs ) spectra between 1000 nm and 1100 nm, which we attribute to possible minor inhomogeneities in the composition of each sample between the different areas where EQE, T abs and R abs , and R cell were measured. Either effect is not believed to affect the conclusion of this work. The estimated loss in photocurrent because of incomplete collection was calculated by integrating the AM1.5G spectrum with the difference between the 1 À T abs / (1 À R abs ) and the IQE between 800 nm and 1200 nm. For all cases, this is lower than 0.1 mA cm À2 . 1 À T abs / (1 À R abs ) spectra and IQEs show very similar behavior in the NIR, with a similar increase in the slope of the absorption onset above the optical bandgap for all the samples with increased Cu content. We exclude therefore that the observed photocurrent gain is associated to a reduction in the collection losses caused either by variations in the BSF or Cu-related changes in the material quality.
In a separate experiment (presented in Ref [32] ), electron-beam induced-current (EBIC) mapping was measured on a cleaved cross section of a similar solar cell with Figure 4 . a) 1 À T abs / (1 À R abs ) and IQE spectra in the NIR-region (750 nm to 1200 nm) above the minimum bandgap for each sample listed in Table I . b) Comparison of the 1 À T abs / (1 À R abs ) spectra between all samples listed in Table I .
a ca. 5 nm aluminum oxide passivation layer to reduce the effect of surface recombination. The results showed that the collection loss was negligible in the absorber region relevant for NIR-absorption (corresponding to the Ga notch), further confirming the observation of nearly optimal collection described above.
To investigate the role of the Ga-grading modifications, we produced two absorbers with similar Cu contents and different gradings. Both samples have a CGI of 0.9. The grading profiles and the EQE spectra are shown in Figure  5 . Sample 1 has a GGI minimum at 0.21 and a notch 6% wider with respect to Sample 2 and by 13% wider with respect to the 0.79 CGI reference. Sample 2 replicates the GGI grading of the sample with 14% CGI increase in the set described earlier. EQE spectra show that Sample 2 has a smaller minimum bandgap, which correlates with the difference between the GGI minima. The slope of the EQE onset above the bandgap is slightly larger for Sample 1, which correlates with the wider notch. However, the difference in slope is much smaller than that observed between the reference and the sample with 8% CGI increase in the previous set, which had even smaller differences in notch width. Therefore, it was not possible to reproduce the changes observed in the EQEs simply by varying the GGI minimum and the notch width.
In order to further investigate the different role of the Ga grading and of the Cu content, we simulated the response of the IQE of absorbers with various gradings but same absorption function (same Cu content), and same grading but different absorption functions (different Cu content). We based these IQE simulations on the GGI gradings reported above. Absorption coefficients used in the simulations were calculated as a function of Cu and Ga contents starting from total transmittance and reflectance measurements performed on non-graded single-stage absorbers with different compositions, following a method that is explained in detail in Ref [33] . The simulations were based on the Synopsys Sentaurus-Tcad suite (as described more in detail in Ref [24, 34] ) and assume constant CGI across the sample and 100% collection of photocarriers.
In a first set of simulations, the gradings were kept constant, and only the Cu content was modified to investigate the effects of a variation in the Cu content on the optical properties. The grading profile chosen for this simulation corresponds to the reference sample, whereas the CGI was varied from 0.78 to 0.93, corresponding to an increase in CGI of 18%. An improvement in the IQE response, shown in Figure 6 , is observed above the minimum bandgap upon increasing Cu content. This behavior is similar to the results obtained in the experiments. In a second set of simulations, the Cu content was kept constant (with CGI fixed at the reference value) whereas the GGI grading was modified, according to the reference and to the sample with 18% CGI increase (10% wider notch). Besides a small shift in the position of the absorption onset, no effects on the NIR-IQE slope above the bandgap are observed. According to these simulations, the increase in the notch width alone does not explain the variations in the NIR-EQE observed in the experiments.
The increase in short-circuit current observed upon higher Cu contents, as shown in Table I , did not initially lead to any gain in efficiency as lower FFs and open-circuit voltages out-balance the J sc gains. Whereas the lower open-circuit voltages could correlate with the GGI minima, the decrease in FF indicates changes in the material or interface quality. The results of C-V measurements (Table I) show, however, no trend in the net free carrier concentration N a upon increasing Cu content.
Another experiment was performed to investigate whether the losses in open-circuit voltage and FFs could be contained despite the increase in Cu content. To readapt the interface properties to the modifications of the absorber composition, the overall Ga content, the KF evaporation rate during PDT and the CdS CBD deposition time were varied after a CIGS deposition process similar to the one for the sample with 14% CGI increase. Improved performance was found upon a slight increase in GGI to 0.34, a 20%-30% larger KF evaporation rate during PDT and a 20% shorter CdS-CBD. Table II shows the results for the best cell comparing the reference and the cell with increased Cu content and improved interface.
Along the expected increase in J sc , similar values for the open-circuit voltage and a higher FF could be achieved, leading to an increase in efficiency to 19 .9%. Figure 7 shows the EQE spectra of the two cells. The larger J sc can be ascribed partly to a thinner CdS buffer layer and partly to the improved NIR-EQE. By integrating the EQE curves with the solar spectrum, the relative contributions to the increase in J sc were calculated to be 0.5 mA cm À2 because of the thinner CdS and 0.7 mA cm À2 because of the improved NIR absorption. Each change in the co-evaporation process for CIGS growth requires adjustments in the subsequent PDT and CBD processes, for which understanding and predictability are still lacking. The reported optimization of KF-PDT and CdS-CBD should be seen more as a technical detail rather than having scientifically relevant meaning. Nevertheless, it was possible to exploit the improved NIR absorption upon increased Cu content to obtain larger efficiencies with respect to the 0.79 CGI reference.
CONCLUSIONS
We produced CIGS absorbers that showed an increased response in the NIR-EQE and thus larger J sc upon an increase in Cu content and wider Ga-grading notches. This was ascribed to an improved optical effect rather than to charge carrier collection effects. The improved NIR-EQE was observed after a first increase in the CGI of 8%, while further increases did not lead to further improvements. This was shown to lead to increased efficiencies with respect to a lower Cu-content reference. Readaptations of the surface modification treatments were necessary after the variations in the deposition process in order to obtain similar fill factors and short-circuit currents. Other experiments, confirmed by simulations, showed that an improvement in the NIR-EQE response could not be obtained by variations in the Ga grading, but mostly by exploiting different Cu-content-dependent absorption functions. It cannot be ruled out, however, that further modifications of the Ga profiles and of the absorber composition will lead to additional improvements of the NIR optical response, which could be exploited in the chase for higher efficiencies. This study shows the importance of an accurate control of the delicate balance between bandgap grading, material composition, buffer layer thickness and interface properties in determining both the optical and the electronic properties of CIGS thin films. Figure 7 . EQE spectra of the reference sample and the cell with 14% CGI increase and re-adjusted PDT and CBD processes.
[Colour figure can be viewed at wileyonlinelibrary.com]
Cu(In, Ga)Se2 solar cells E. Avancini et al.
